• Diagnostics for irreversible mixing induced by internal waves in a linear stratification are studied.
Introduction
Internal waves are involved in diapycnal mixing processes in the stratified ocean. The role played by breaking internal waves in sustaining the meridional overturning circulation (MOC) is still under debate, which emphasizes the need for an accurate description of their contribution to mixing [Ferrari et al., 2016; McDougall and Ferrari , 2017] .
Simulations of the MOC require parameterizations of mixing processes that occur at spatial scale much smaller than the spatial resolution. A common parameterization for internal waves induced mixing relies on a turbulent diffusivity K T which is orders of magnitude larger than the molecular diffusivity ν. To assess turbulent diffusivity in the ocean interior from direct observations, assumptions must be made on the fate of energy transported away by the internal wave field. Osborn [1980] 's parameterization relates the turbulent diffusivity to the turbulent kinetic energy dissipation via the equation
introducing the mixing efficiency η, which is the fraction of the IW energy input participating to irreversible mixing of the flow. In Osborn [1980] 's seminal paper, the flux Richardson number Ri f , which is the ratio of the turbulent buoyancy flux to the turbulent energy production was used instead of η. As discussed below, recent studies argued that this definition may account for a reversible component to K T . Hence, Osborn [1980] 's parameterization has been slightly modified in eq. 1 to unambiguously evaluate the irreversible diapycnal mixing [Mashayek et al., 2017] . The canonical value of η = 1/6 based on homogeneous turbulence experiments is often used in mixing parameterizations, while it has been observed that η varies substantially with the mixing processes [Mashayek et al., 2017] .
Idealised studies using laboratory experiments and numerical modelling provide useful insights on mixing processes. The limited number of controlled physical parameters (forcing structure and initial stratification) and high resolution density measurements allow for an extensive description of the effects of mixing and to refine existing parameterizations.
The mixing of an initially linear stratification has been widely studied using homogeneous turbulence experiments [Thorpe, 1982; Ruddick et al., 1989; Park et al., 1994; Rehmann and Koseff , 2004] . These experiments provided diagnostics of the mixing efficiency and permitted to investigate in details the layering mechanism [Fincham et al., 1996; Pelegrí and Sangrà, 1998; Holford and Linden, 1999] , first described by Phillips [1972] and Posmentier [1977] . Experiments on interfacial waves breaking over a topography have been performed by Hult et al. [2011a, b] . The wave dynamics was followed using Planar Laser Induced Fluorescence, while the evolution of the background stratification was followed by conductivity probe measurements. A bulk mixing efficiency of 3 − 8% was found, this relatively small value being attributed to the spatial variability of the mixing events. In recent laboratory experiments a ridge was towed through a linear stratification to model the interaction of a quasi-steady abyssal oceanic flow with a submarine ridge [Dossmann et al., 2016b] . Density measurements using the light attenuation technique showed that local mixing in the wake of the ridge largely overcomes the remote mixing induced by emitted lee waves in a large range of parameters. It implies that local mixing
processes induced by a quasi-steady flow may have been underestimated with respect to remote mixing.
Energy transfers toward the scales of mixing can also occur away from any topography.
Joubaud et al. [2012] and Bourget et al. [2013] studied the generation of secondary internal waves from a primary mode-1 internal wave via the triadic resonant instability process (TRI) using the synthetic Schlieren technique. Through this instability, two secondary waves, verifying temporal and spatial resonant conditions with the primary wave, are generated. These waves have lower frequency and, in general, smaller wavelengths than the primary wave. Therefore they participate to an energy transfer towards smaller scales, where irreversible mixing through diffusion is more likely to happen. For this reason, this mechanism is a potential pathway toward the scales of mixing in the ocean [MacKinnon et al., 2013] . To assess the contribution of TRI to mixing, velocity-density measurements with the simultaneous use of PIV and PLIF were performed [Dossmann et al., 2016a] . It allowed to assess the eddy diffusivity field K T,<ρ w > based on the vertical buoyancy flux.
The TRI process yielded values of K T,<ρ w > at least an order of magnitude larger than in the case without TRI. Mixing effects reflected on the evolution of the background density profile, as a progressive decrease of the Brunt-Väisälä was measured in the central part of the flow. This evolution, as we will show in this article, will modify the propagation of the waves, questioning the long term behavior of the TRI mechanism.
While parameterizations commonly rely on Reynolds-averaged buoyancy flux as a prognostic value for irreversible mixing properties, recent studies argue that reversible processes such as large scale stirring may also contribute to the buoyancy flux [Venayagamoorthy and Koseff , 2016; Zhou et al., 2017] . To evaluate the irreversible component
of the buoyancy flux that eventually contributes to raise the center of mass of the flow, it is important to provide a diagnostic of mixing processes based on the evolution of the stratification between subsequent mixing events.
In the present study, we perform long term internal wave forcing experiments in a configuration that favors the TRI process. Contrary to mixing induced by convection processes or breaking large amplitude waves in laboratory experiments, the ratio between the energy available in the forcing and the amount of energy locked up in the ambient initial potential energy is rather small in this experiment, so that forcing by a quasilinear internal wave field must occur over a much larger duration to induce a measurable evolution of the stratification as the energy fluxes at play are much smaller. Experiments lasting typically 5000 forcing periods using high resolution density measurements will follow the impact of internal waves mixing on the long term dynamics of the stratification, and provide important diagnostics for mixing events, such as the mixing efficiency and the turbulent diffusivity. In particular, the comparison between the eddy diffusivity based on velocity-buoyancy correlations and the turbulent diffusivity assessed from the vertical mass flux will allow us to discuss some aspects of reversibility in mixing processes.
Section 2 introduces the setup and the diagnostics for mixing. The flow dynamics and the evolution of the stratification are described in section 3. Mixing diagnostics based on the background potential energy and turbulent diffusivities are presented in sections 4 and 5. The formation of staircases in the stratification is discussed in section 6.
Conclusions are presented in section 7. The geometry, amplitude and frequency of the forcing are computer-controlled using a LABVIEW program. A normal mode 1 consisting in a sinusoidal wavelength with node at mid-depth is forced.
Set-up and approach
The light attenuation technique infers local density from absorption measurements at a high spatial resolution [Allgayer and Hunt, 1991; Hacker et al., 1996; Sutherland et al., 2012] . This method has previously been used in a similar geometry to describe the dynamics of internal waves generated in the lee of a moving topography as well as the induced mixing [Dossmann et al., 2016b] . The tank is backlit with a white luminescent panel and a small volume of blue food dye is added to the brine drum as a passive tracer for density.
Images are recorded with a 14-bits, 2452 × 2054 pixels CCD Pike camera (Allied Vision), placed at 280 cm from the tank. The camera is mounted with a 35 mm lens, producing a 40 cm by 60 cm field of view. To optimize the measurement sensitivity, a high-pass optical filter with a cut-off wavelength 550 nm is added in front of the camera lens and the camera exposure is set to maximize the greyscale level range in the dyed fluid.
The light absorption A(x, z, t) = log(I 0 /I) is measured using the intensity field from a reference image (I 0 (x, z, t)) and from an image recorded in the course of the experiment I(x, z, t). The initial absorption profile is calibrated against the initial stratification measured with a conductivity probe. This calibration is then applied at each pixel in the tank to infer cross-tank averaged density anomaly fields from light absorption. The reader can refer to Dossmann et al.
[2016b] for a detailed description of the light attenuation technique.
Experiments
Experiments are performed over typical forcing durations larger than 1000 periods and up to 5000 periods. These durations allow to quantitatively measure the effects of irre- From the differences between the rest state density profiles before and after each transit of the ridge we provided diagnostics for irreversible mixing.
Irreversible mixing 2.3.1. Background potential energy
The physical framework of Winters et al.
[1995] is adopted to quantify the effects of mixing in terms of changes in the background potential energy of the flow. For a density field ρ(x, z, t) in a volume V , the potential energy per unit horizontal area is
with A b the bottom area of the tank. The potential energy is partitioned between the background potential energy BP E(t), the minimum potential energy that can be reached through an adiabatic sorting of the density field at each time, and the available potential energy AP E(t) = P E−BP E. By construction, BP E(t) can only change through diabatic processes such as irreversible mixing while AP E(t) is associated with reversible fluid motions. The density field is similarly expressed as ρ(x, z, t) = ρ(z, t) + ρ (x, z, t), where ρ(z, t) is the slowly varying background density profile and ρ (x, z, t) is the density anomaly associated with fluid motions. In the present experiments, the background potential energy is measured at the end of each resting period. Once flow motions have ceased, AP E 0 and the background potential energy per unit horizontal area is simply expressed
The difference
is the irreversible increase of BP E with respect to the initial stratification. This method has been widely used in laboratory experiments to diagnose the effects of irreversible mixing in both stably [Hult et al., 2011a, b; Prastowo et al., 2008 Prastowo et al., , 2009 Fragoso et al., 2013; Hughes and Linden, 2016; Micard et al., 2016] and convectively unstable stratified flows [Dalziel et al., 2008; Lawrie and Dalziel , 2011; Wykes and Dalziel , 2014] for which values of mixing efficiencies up to 75% were measured.
Turbulent Diffusivity
A key parameter in assessing the effects of mixing is the turbulent diffusivity. In this work, the turbulent diffusivity is diagnosed from the irreversible evolution of the background density profile as follows. The equation of mass conservation is used to derive the vertical density flux F ρ (z, t):
The time derivative of the quasi-linearly evolving background density is assessed using
. Hence, one can assess F ρ by a vertical integration of eq. (5)
and deduce the turbulent diffusivity assuming that the vertical mass flux behaves like a diffusive process
The turbulent diffusivity and BP E evolutions are used as diagnostic for internal wave induced mixing in the remainder of the paper. These two quantities are not independent, as the turbulent diffusivity distribution controls the diabatic transfers within the fluid and hence changes in BP E. In fact, Barry et al. [2001] relates the average turbulent diffusivity
to the rate of BP E change. Here, the distribution of K T,Fρ is used as a diagnostic for local mixing processes and their link to the internal wave field, while BP E describes the bulk effect on the stratification.
Flow dynamics

Internal wave field
Propagating density anomalies characteristic of a mode-1 internal wave develop at the beginning of the forcing as seen in Fig.2a . After a few forcing periods, the emitted and reflected waves interact to form a quasi-steady wave pattern. Later on, secondary waves issued from the TRI process superimpose to the primary wave field (Fig.2b) . Propagating secondary waves are visible over the whole tank length after 50 T. The flow dynamics is similar to the one captured in Dossmann et al.
[2016a] using PIV/PLIF combined measurements and an earlier version of the internal wave generator as recalled in Fig.   3 . We focus here on the long term evolution of the background stratification by internal wave induced mixing.
Background stratification
We first examine an experiment with forcing sequences of 100 periods duration for which the stratification evolution is shown in Fig.4a . Upon forcing, the background stratification undergoes a regular steepening in the central region B (−22cm< z < −12cm), corresponding to a decrease in the Brunt-Väisälä frequency, while the density gradient remains unchanged in the top and bottom part of the flow. The density of fluid particles in regions A and C respectively increases and decreases owing to an upward mass flux 
BPE evolution and mixing efficiency
Turbulent mixing induces a partial homogeneization and a raise of the center of mass of the flow. This reflects in a regular increase of the background potential energy of the fluid observed in Fig.4b , at a typical rate of 3 mJ/m 2 /s. An estimate of the mixing efficiency can be provided by assessing the kinetic energy horizontal flux carried into the flow by the forcing normal mode 1. It is defined as
where π = P v is the energy density flux and <> T denotes a time average over a forcing period T, P (x, z, t) and v(x, z, t) are the pressure anomaly and velocity fields of the flow.
The unit vector n is along the direction of propagation (Ox) of the mode 1 wave, as shown in Fig. 1 . A linear model assuming a normal mode-1 forcing by the generator is used to assess P and v. The vertical velocity expresses as w(x, z, t) = A w sin(mz) cos(kx − ωt),
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where A w is the velocity amplitude, k and m = π H are the horizontal and vertical wavenumbers, respectively. Using the incompressibility and horizontal momentum equations, one
The kinetic energy flux therefore expresses as
Using the continuity equation, one can eventually relate A w to the density anomaly am-
and hence
A fraction α of the kinetic energy flux is lost to large scale viscous decay that is not associated with the mixing event, such as viscous damping at the side boundary layers and in the fluid interior [Troy and Koseff , 2006] . Hult et al.
[2011a] estimated a value of α = 40 − 60% in the case of breaking interfacial waves (their Fig.3 ). This fraction is to be removed from the kinetic energy flux to assess the mixing efficiency. The dimensionless mixing efficiency expresses as
where L x is the tank length. The quantities A ρ and k are measured in the density anomaly field at the beginning of the experiment, before the generation of secondary internal waves 1 forcing is limited to the two narrowing regions A and C, while it is evanescent in the increasing central region B, as shown in Fig.7 . On the other hand, the smaller frequency secondary waves could still be transporting some of the energy through region B [Ghaemsaidi et al., 2016] . Once the evanescent region is formed, the amount of mixing present in the central region is reduced, but does not vanish completely due to secondary waves.
The progressive widening of the evanescent region progressively diminishes the mixing efficiency in the flow with increasing time.
Turbulent diffusivities
The turbulent diffusivity profile is stable over the total duration of the experiment. It reaches 0 at the top and bottom boundaries due to the no-flux condition, and increases symmetrically from regions A and C to region B, where it reaches a value of 5.10 −7 m 2 /s.
The maximum turbulent diffusivity is two orders of magnitude larger than the molecular value for salt diffusion, indicating that turbulent processes are prominent in mixing the stratified fluid.
The turbulent diffusivity profile and maximum value are fairly comparable to the ones measured by McEwan [1983] in a similar configuration (their Fig.4 ).
The value of 5.10 mation on mixing processes. The former is an instantaneous proxy for the dynamics of stirring at scales larger than irreversible mixing, some of which eventually leading to irreversibly mix the stratified flow. The latter is a diagnostic of the effects of an irreversible mixing event on the background stratification.
The evolution of the background stratification together with the turbulent diffusivity profile highlights that the secondary waves generated by TRI, despite enhancing K T,<ρw> , may not be the primary process leading to irreversible mixing. If so, one could expect a homogeneous value of K T,Fρ (or analogously a homogeneous decrease in N ) occuring over the tank depth. As discussed before, the colocation of the forcing mode largest horizontal shear stress and the region of intense mixing indicates that the forcing structure controls the irreversible evolution of the stratification.
Staircases formation
The dynamics of mixing is strongly controlled by the forcing internal wave structure over durations up to 3000 T, as shown by the strong correlation between the largest values of vertical mass flux and the horizontal shear of the forcing normal mode-1. In order to study the longer term effects of mixing on the stratification, in several experiments the flow was forced over longer durations up to 5000 T.
The result is displayed in Fig.8a Note that double-diffusion processes are another potential cause for the formation of interfaces in the ocean. The stratifying agent is salinity in the present experiments, while the water temperature remains constant within ±0.1 • C, which permits to exclude double diffusion as a cause for layering.
The Phillips-Posmentier mechanism is based on the assumption that the mixing intensity has a non monotonous evolution with the Richardson number, Ri, which compares stratification effects to turbulence intensity. This assumption can be justified considering that at small Ri, there is little stratification, therefore little to mix, while at large Ri, the stratification dominates over turbulence, preventing mixing. For this reason, one expects the existence of an optimal (or critical) value of Ri, Ri c , for which mixing is maximum, decreasing to zero at both limits of small and large Ri. In the region of "weak turbulence"
(Ri > Ri c ), mixing intensity decreases with increasing Ri, so that when a local pertur-
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bation to the initially smooth density profile exists, the region of the perturbation where density gradient is lower than ambient (lower Ri) will undergo more mixing, resulting in a tendency towards even lower density gradient, while the region of the perturbation where density gradient is larger than ambient (larger Ri) will undergo less mixing, therefore keeping a strong gradient. The overall result will be to amplify the perturbation, leading to the development of staircases in the density profile.
The Phillips-Posmentier mechanism has been used to describe layering in several experiments, for which mixing was induced by homogeneous stirring of the flow using traversing vertical rods [Ruddick et al., 1989; Park et al., 1994] or grids [Thorpe, 1982; Rehmann and Koseff , 2004] .
In the former experiments, homogeneous turbulent mixing induces an important growth of the mixed layer at the top and bottom of the flow, followed by the appearance of staircases spread over the linearly stratified region. The staircases can merge and decay, and the stratification eventually ends up in two mixed layers of constant densities, issued from the continuous growth of the top and bottom mixed layers. Since these experiments were performed, some extended mechanisms have been proposed to explain the formation of layers. The dynamics of their generation is not only controlled by the bulk Richardson number as described in the original mechanism, but also forced by local dynamical structures, such as vortical mixing [Holford and Linden, 1999; Fincham et al., 1996] or localized regions of intense mixing in shear flows [Pelegrí and Sangrà, 1998] . Thorpe [2016] offers a review of the various generation mechanisms for layer generation, arguing that the studies in a stratified shear flow [Zhou et al., 2017; Taylor and Zhou, 2017] . Precise stratification budgets have allowed for the identification of nondimensional parameters for layer formation.
In the present case, contrary to previous experiments, the intensity of turbulent mixing varies in the vertical direction, as it depends on the structure of the forcing normal mode (sections 4 and 5). The first set of staircases forms in the central region B of the flow where the largest shear stress is induced, but where turbulence is still sufficiently weak for the staircases instability to develop. The second set of staircases develops more slowly, as it is generated in a region of weaker shear stress than the first set. An important difference compared to the experiments using homogeneous forcing is that the vertical extent of the top and bottom mixed layers remain narrow in the present case. The boundary mixed layers are not affected by turbulent mixing over similar forcing durations as in the homogeneous mixing experiments (≈ 10 hours). In fact, internal waves induced shear stress is the smallest at the two boundaries and hence does not enhance the mixed layers growth.
We conclude that the dynamics of staircase formation is strongly sensitive to the structure of the forcing. For the first time in laboratory experiments, the generation of staircases in a linearly stratified fluid is initiated by an internal wave field. The internal wave energy cascades down to the scales of turbulent mixing through local wave overturning and contributes to generate and sustain the layers.
Conclusions
Mixing induced by a forcing normal mode has been investigated in long term experiments. The dynamics of the internal wave field was followed using the light attenuation 
